Abstract The influence of cohesion among members of dyads is investigated in scenarios characterized by uni-directional flow by means of a discrete model: a corridor and the egress from a room with a bottleneck of varying width are simulated. The model manages the dynamics of simulated group members with an adaptive mechanism, balancing the probability of movement according to the dispersion of the group; the cohesion mechanism is calibrated through the parameters κ c and δ . All scenarios are simulated with two procedures: (Proc. 1) population composed of individual pedestrians, in order to validate the simulation model and to provide baseline data; (Proc. 2) population including dyads (50% of the simulated pedestrians), in order to verify their impact. In the corridor scenario, the presence of dyads causes a reduction of the velocities and specific flow at medium-high densities. Egress from a square room with a unique central exit produces results in line with recent studies in the literature, but also shows that the dyads negatively affect the dynamics, leading generally to a slower walking speed and a lower pedestrian flow. Ignoring the presence of dyads would lead to an overestimation of egress flows.
Introduction
(e.g. [4] ) have highlighted that a crowd of pedestrians is mostly composed of groups of up to 4 members (dyads are typically the most frequent) and that people walking in a group are generally slower than individuals. Controlled experiments involving groups have been designed to investigate their aggregated effect, and a relevant impact is observed in a corridor setting with bi-directional flow (see, e.g. [3, 2] ) and a bottleneck scenario(see, e.g. [5] ). On the modelling side, many works are being proposed for the simulation of group behaviour: for example, the work in [9] proposes a continuous model for the behavior of groups of 2 or 3 members based on field observations, while [7] design leader-follower structure of dyads using dynamic floor fields. In this paper, we present a discrete model considering groups, based on the work in [1] , which is extended and calibrated to fit the data from a controlled experiment [3] . The calibrated model is then used to investigated the aggregated effect of dyads in uni-directional pedestrian flows at high densities (Sec. 4) and passing through a bottleneck (Sec. 5).
A Model for Group Cohesion
The simulation model here presented is designed to achieve a more realistic simulation of pedestrian and group dynamics, with particular attention to the shape of the group. The model is discrete in space and time, and at each time-step of the simulation agents evaluate cells c of the Moore neighbourhood with the utility function U(c). This aggregates the components associated to the reproduction of a particular behaviour by means of a weighted sum:
Individual functions model respectively: (i) goal attraction; (ii) obstacle repulsion; (iii) keeping distance from other pedestrians; (iv) cohesion with other group members; (v) direction inertia; (vi) overlapping to avoid gridlock in counter-flow situations. The first three elements are modelled with the usage of the well-known floor-field approach to model the base behaviour of pedestrians: movement towards a target, obstacle avoidance, proxemics with other pedestrians in a repulsive sense.
The function C(c) is introduced to manage the cohesion among group members and its strength is mainly adjustable by the parameter κ c . The function calculates the level of attractiveness of each neighbour cell, according to the position and velocity of the other agents of the group. These information are used to estimate their next positions and then evaluate the attractiveness of each cell according to the cohesion, as the following: Where η is a normalization factor that, along with numerical values, allows to translate the cohesion value into the range [−1, 1]. |G| defines the size of the group and x denotes the 2-norm of a vector x. x • a describes a prediction of the next position of the agentâ and it represents a small advancement to the model that allowed to improve the plausibility of the simulated behaviour. The estimation is calculated using the velocity vector vâ: x • a = xâ +vâ. The functioning of the function is exemplified in Fig. 1(a) .
By acting on the parameters of U(c) during the simulation it is possible to describe different states of the same pedestrian in different moments of a single simulated scenario. This strategy is applied to allow group members to adapt their behaviour in dense situations or in presence of obstacles. According to this method, weights κ g , κ c , κ i are varied and possibly inhibited according to an index that describes the instantaneous dispersion of the group, as shown in Fig. 1(b) . This adaptation of the behaviour of group members can be calibrated according to the parameter δ that, together with κ c , will be investigated for the calibration of the model in the next Section.
After the utility evaluation for all the cells of the neighbourhood, the choice of action is decided by the probability to move in each cell c as (N is the normalization factor): P(c) = N · e U(c) .
Calibration of the Group Behaviour
In order to calibrate the model and reproduce plausible movement of pedestrians and groups, data from the first procedure of a controlled experiment studying the movement of dyads [3] have been used. In the experimental procedure, a uni-directional pedestrian flow composed of 30 individuals and 24 dyad members 1 crossed a corridor-like setting of 3m width. Trajectories were automatically extracted in a measurement area of 10m length located at the center of the corridor, after a buffer zone of 2m that allowed participants to reach a stable speed.
As shown in Fig. 2 , a corridor-like setting similar to the experiment has been designed with the simulation model, with an analogous initial configuration of the pedestrian flow: starting positions are given by 9 start areas which generates 6 pedestrians each. Members of dyads are generated close to each other to avoid bias given by the initial configuration. Moreover, only information about pedestrians inside the measurement area are analysed. Given that all participants were young male student, we configured a desired speed of simulated pedestrians of 1.6 m/s.
The aim of the simulation campaign was to calibrate parameters δ and κ c , managing the group behaviour, to fit the results about average speeds of all participants and the distribution of relative positions of dyads, which describes their spatial behaviour during the experimental iteration. To gather stable results, a set of 100 simulation iterations is configured for each configuration of the two parameters that, as pure assumption, is explored in the range [0 : 30] with an increase rate of 1.
The calibration phase led to the optimal configuration of parameters (δ , κ c ) = (7, 12), which generates average speeds of singles, dyads and of the overall population as shown in Tab. 1. Results are in line with the observation. By looking at the distribution of relative positions (Fig. 3(a) and 3(b) ), the difference is a bit more marked than with the speed, but overall the results are close and they highlights that also in the simulations the most frequent pattern was the line-abreast one. 
Validation at basic movement
In this section, we will study the effects of the presence of dyads on the specific flow in a corridor environment with uni-directional movement. A graphic description of the setting is shown in Fig. 4 . Two case-studies have been configured: a baseline with only singles and one with 50% presence of dyads. To compute the fundamental diagram, simulation campaigns of 10 iterations of 5000 steps each have been run per each investigated average density of pedestrians in the whole environment. The environment was configured as toroidal, so that the number of pedestrians is constant during each iteration. To gain precision with the analysis, data are generated within a measurement area of 8 m length, where entrance/exit events are recorded for each agent. This allowed to compute the number and the average speed of pedestrian inside the measurement area for a given time window and to achieve larger datasets with every simulation. Finally, at each run we considered only data generated from step 2000, where a steady state was generally reached.
Results in the form density-speed and density-flow are shown in Fig. 5 . Both datasets are in agreement with empirical guidelines and datasets from the literature. At the same time, the specific flow of dyads is smaller than that of individuals for densities higher than 1.5 p/m 2 . On one hand, dyads walk slower than individuals in low density situations, but the difference is quite limited with a similar configuration of their desired speed. The increase of density, on the other hand, has a stronger effects on the average speed of the population with the presence of dyads, emphasizing that dyads had a negative effect on the observed dynamics. This is due to the cohesion mechanism configured for the walking behaviour of dyads, which makes them to keep short distances to each other and to slow down while congested situations leads to a fragmentation of the group. While this behaviour is assumed for this model and it could be considered rather strong compared to the reality, a similar Fig. 4 The corridor environment used for the test of the fundamental diagram. difference among fundamental diagrams observed with only individuals and with about 40% of dyads was observed in an experiment also presented in this book [2] .
Analysis of group influence on a bottleneck scenario
Up to now, the model is calibrated to reproduce a plausible behaviour of dyads and it is validated for the simulation of uni-directional flow in a corridor. In this section the model will be used to study the effect of two-members groups in a periodical scenario representing a room with a bottleneck, as in Fig. 6(a) . Again, we configure two simulation campaigns to study the phenomena: (a) a scenario with only individuals and (b) one with 50% presence of dyads. 400 simulated pedestrians are generated in the scenario for each configuration of the bottleneck width and 5 iterations of 5000 steps are run to get a sufficient dataset. Again, output data are gathered only in a steady state of the system (time-step from 2000 to 5000). 
Conclusions
The influence of cohesion among members of dyads and its aggregated effect in scenarios characterized by uni-directional flow has been investigated by applying a discrete model to two benchmark scenarios: a one way corridor and the egress from a room with a central bottleneck. The simulation model represents the dynamics of simulated group members with an adaptive mechanism, balancing the probability of movement according to the dispersion of the group; the cohesion mechanism is calibrated through two parameters κ c and δ , acting on the utility of a movement, and according to data coming from a controlled experiments involving dyads.
The investigated scenarios are simulated with two procedures, configuring a population composed of only individual pedestrians and one half composed of dyad members. In accordance with recent studies in the literature, simulated results show that the dyads negatively affects the dynamics, leading generally to a lower velocity and a lower pedestrian flow. The difference in the fundamental diagram observed in the scenario of the corridor is sensible and for the range of densities lower than 1.5 ped/m 2 is similar with the empirical data from the experiment used for the calibration (see [2] in this book). Results coming from the simulation of the bottleneck show again a negative effect of the presence of dyads, which in this case is even more apparent. The achieved trend and the difference between the two simulation (a) (b) Fig. 7 Cumulative mean density at a steady state for the scenario with only individuals (a) and the one with 50% presence of dyads (b).
scenarios are in line with other studies from the literature and, overall, suggests further research to investigate the microscopic behaviour of pedestrian groups and its aggregated effects on pedestrian dynamics.
